A programmable optical stimulator for Drosophila eyes is presented. The target application of the stimulator is to induce retinal degeneration in fly photoreceptor cells by exposing them to light in a controlled manner. The goal of this work is to obtain a reproducible system for studying age-related changes in susceptibility to environmental ocular stress. The stimulator uses light emitting diodes and an embedded computer to control illuminance, color (blue or red) and duration in two independent chambers. Further, the stimulator is equipped with
per-chamber light and temperature sensors and a fan to monitor light intensity and to control temperature. An ON/OFF temperature control implemented on the embedded computer keeps the temperature from reaching levels that will induce the heat shock stress response in the flies. A custom enclosure was fabricated to house the electronic components of the stimulator. The enclosure provides a light-impermeable environment that allows air flow and lets users easily load and unload fly vials. Characterization results show that the fabricated stimulator can produce light at illuminances ranging from 0 to 16000 lux and power density levels from 0 to 7.2 mW/cm 2 for blue light. For red light the maximum illuminance is 8000 lux which corresponds to a power density of 3.54 mW/cm 2 . The fans and the ON/OFF temperature control are able to keep the temperature inside the chambers below 28.17 • C. Experiments with white-eye male flies were performed to assess the ability of the fabricated simulator to induce blue light-dependent retinal degeneration. Retinal degeneration is observed in flies exposed to 8 hours of blue light at 7949 lux. Flies in a control experiment with no light exposure show no retinal degeneration. Flies exposed to red light for the similar duration and light intensity (8 hours and 7994 lux) do not show retinal degeneration either. Hence, the fabricated stimulator can be used to create environmental ocular stress using blue light.
Hardware in Context
Light is essential for vision, and is sensed by a specialized light-sensitive layer of tissue in the eye, the retina, that sends visual information through the optic nerve to the brain. Notably, light functions as both a signal and as an environmental stress that can induce retinal degeneration under specific conditions or in particular genotypes [1] . Specialized neurons, called photoreceptor neurons, sense light in the retina and convey information to the brain. Given that photoreceptor neurons have the same lifespan as the organism and do not regenerate, cumulative exposure to light occurs with age. Light exposure is required for vision, but because it can induce retinal degeneration, it also plays a role in eye disease, a role that is more pronounced as the eye ages.
Advanced age is a major risk factor for ocular diseases such as age-related macular degeneration, glaucoma, and diabetic retinopathy [2, 3, 4] . The incidence of blindness and low vision increases rapidly with age, and persons older than 80 years have incidences of blindness that range from 1.8 -6.8% depending on ethnicity [5] . Defined model systems are required to study how factors including genotype, environmental stress and age interact to increase the susceptibility of the eye to ocular disease. The fruitfly Drosophila melanogaster provides a powerful model system in which to study how environmental stress contributes to age-related visual decline. The appeal of the fruitfly to these studies comes from its short life-span, amenability to genetic manipulation, and susceptibility to specific wavelengths of light, which induce photoreceptor degeneration in a controlled manner.
One standard technique employed to induce retinal degeneration in fruitflies involves exposing flies to high-intensity blue light for extended periods of time.
In [6] Cosens showed that prolonged exposure to blue wavelengths of light, but not other wavelengths, severely disrupts the rhabdomere structure of retinula (R) cells in white-eyed flies. In these pioneering studies, the authors exposed 6 to 12 individual white-eyed flies to blue light with an intensity of 0.1 mW/cm 2 for 22 hours in glass tubes and to blue light with intensity 2.0 mW/cm 2 for 0.5 to 12 hours in Petri dishes. Blue light was generated using tungsten bulbs and optical band-pass filters. Subsequent studies determined that the threshold for blue light-induced retinal degeneration in white-eyed flies was 20 log quanta/cm 2 for single flies subjected to intense light stimulus from a 100 W Mercury vapor arc lamp for 30 s [7] . In [8] pulsed blue light was used in retinal stimulation studies. Blue light was generated using a 300 W xenon/mercury lamp and a optical band-pass filter.
The development of blue light-emitting diodes (LEDs) provided a new light source with high efficiency, narrow emission spectra and small form factor. Blue
LEDs have been used to optically stimulate retinal cells of flies [9] and mice [10, 11, 12] . In each of these studies, custom-made LED-based stimulators were fabricated and used. However, these stimulators had only basic functionality (lights turning on and off), lacked programmability and monitoring and only a small number of flies could be subjected to light stress each time. Moreover, these stimulators only emitted light of a single color (blue). It has been shown that orange and red light can have the opposite effect of blue light, that is, regeneration of light-sensitive proteins, such as Rhodopsin, in the six outer photoreceptor neurons (R1-R6). Hence, red light can be used in control experiments to verify that light-induced retinal degeneration is indeed wavelength dependent and to regenerate light-sensitive proteins. Hence, a desirable feature in an optical stimulator would be to emit light in blue and red colors. The hardware design files and source code of previously published optical stimulation devices have not been made available to the public. Moreover, due to the small market size for such devices, commercial solutions are not available. Hence, new researchers needing to carry out similar experiments are faced with the challenge and time-consuming task of developing their own devices from scratch. This paper presents the design, fabrication and test of a programmable dualcolor LED-based device suitable for optical stimulation of fruitflies. Design files for the hardware and software components are openly shared so that an identical device can be built by researchers needing to perform controlled optical stimulation experiments. Our optical stimulator was used in several experiments aimed at inducing retinal degeneration in fly photoreceptor cells in a controlled manner to obtain a reproducible system for studying ocular stress. The device can generate blue light at intensities ranging from 0 to 16,000 lux and optical power densities up to 7.2 mW/cm 2 . The device parameters such as stimulation time, light intensity and color (red or blue) can be programmed locally or remotely through a menu-driven user interface. Stimulation can be performed simultaneously on two independent chambers. Both chambers are equipped with light and temperature sensors to monitor the stimulation conditions, which are automatically recorded in computer files. The chambers are also equipped with fans and an ON/OFF temperature controller to ensure that temperature inside the chambers stays below 28 • C. The device has been characterized and used to establish a protocol for assessing blue light-induced retinal degeneration in young fruitflies. Experimental results show retinal degeneration in flies exposed to blue light at ∼7900 lux for 8 hours. However, flies exposed to red light of similar intensity and duration showed no retinal damage. Hence, the presented stimulator can be used to create environmental ocular stress using blue light.
Background
Drosophila have eyes that are composed of approximately 750 units known as ommatidia ( Fig. 1 ). Each ommatidium contains 20 cells including 8 photoreceptor neurons called R cells (R1 -R8). Each R cell expresses a membranelocalized protein, Rhodopsin, which functions to sense light. Rhodopsins are highly conserved as light-sensors in both insects and in vertebrates. Rhodopsin 1 (Rh1) is the major Rhodopsin in Drosophila and is expressed in a subset of photoreceptors neurons; R1 -R6 [13, 14] . Rh1 is localized predominantly in rhabdomeres, which are specialized light-sensing organelles on the apical surface of each photoreceptor neuron. Absorption of a blue light photon (460 -490 nm) by Rh1 causes a conformational change to the active form of the receptor protein, metarhodopsin (metaRh1), which signals through a G-protein-coupled cascade to trigger the opening of the transient receptor potential (TRP) channel, influx of calcium, and depolarization of the photoreceptor cell [15] . An orange or red photon is required to convert metaRh1 back to Rh1 [16] . Thus, prolonged exposure to blue light causes endocytosis and degradation of metaRh1 since the metaRh1 cannot be converted back to Rh1 [17, 9] . In contrast, under normal white light conditions, metaRh1 is readily converted back to Rh1. Both the calcium influx and endocytosis of metaRh1 caused by prolonged exposure to blue light induce retinal degeneration in Drosophila photoreceptors [8, 18] .
Thus, exposing Drosophila to blue light provides a controlled system to study the process of light stress-induced retinal degeneration and to identify factors that protect photoreceptors from damage.
Hardware Description
This section describes the design and fabrication process of the programmable optical stimulator for Drosophila. The design process started with a list of technical requirements set by the target application and feedback from end users regarding user interface and functionality. Based on these requirements an architecture for the stimulator was chosen. Specific components and devices were then sized and selected.
Design Requirements
The following design requirements were identified: 1. To increase the number of flies that can be exposed to light stress in each experiment, the stimulator should be able to work with standard fly vials that can hold between 50 and 100 flies. The standard transparent plastic vials used in Drosophila experiments have a height of 95 mm high and a diameter of 25 mm.
The stimulator should have light emission in two different wavelengths:
460 nm to 470 nm (for blue color light) and 620 nm to 630 nm (for red color light) [19] .
3. The stimulator should emit light with an intensity and duration such that the threshold for light-induced retinal degeneration of 20 log quanta/cm 2 [7] is met or exceeded. 7. Temperature must be monitored and controlled within 22 • C and 28 • C to prevent heat-induced stress response [20, 21] . 8. The stimulator should have an easy-to-use interface that allows users to set stimulation parameters and to start and stop a stimulation session. It is highly desirable to have the ability to remotely initiate, monitor and terminate stimulation sessions. A stimulation session typically runs for 8 to 12 hours. Hence, it is expected that users would like to monitor an experiment remotely from home or from a place outside the lab. In this regard, it will be advantageous if the stimulator can connect to the network infrastructure already present in a typical lab such as Ethernet and WiFi networks. [22] . The Raspberry Pi has the right balance of CPU speed, peripherals, low cost and size. Hence, it was chosen as the embedded computing platform for the optical stimulator.
LED Array
In order to generate light with sufficient illuminance or power density to trigger retinal degeneration, each stimulation chamber is equipped with several blue LEDs. The 5050-B1200 blue LEDs from Superbrightleds [23] were chosen as the light sources in the programmable optical stimulator. The 5050-B1200
LEDs are low-cost and widely available LEDs and come in a convenient surface mount package of size 5 mm × 5 mm × 1.6 mm. The 5050-B1200 is a multidie LED, that is, it comprises three independent LED dies in a single package that collectively provide a nominal luminous intensity of 1.2 candela (cd) at a forward current of 20 mA through each die. The nominal wavelength of the emitted light for this LED is 465 nm and its 50% viewing angle is 120 • . The illuminance or luminous flux per unit area of these LEDs, E v , can be calculated as follows [24] :
where, A is the illuminated area and I v is the luminous intensity across the solid angle Ω. E v is expressed in lux when I v is expressed in candela (cd) and Ω in steradians (sr) and A in square meters. The solid angle can be estimated from the 50% viewing angle (θ) as follows:
Replacing (2) in (1) yields the following expression for the illuminance:
The power density or power per unit area emitted by a single LED, P led , can then be calculated from the illuminance using the following equation:
where, V M (λ) is the spectral luminous efficiency function for photopic vision.
This function describes the average spectral sensitivity of the human visual system. It has a maximum of 1.0 at a wavelength of 555 nm. At a wavelength of 465 nm, V M (λ) = 0.0818. Replacing (3) in (4) yields: Previous studies have established that the threshold for retinal degeneration is 20 log quanta/cm 2 [7] . A log quanta/cm 2 is defined as follows:
log quanta/cm 2 = log 10 (N ph · T stim ),
where, N ph is the number of photons per unit area per unit time and T stim is the stimulation time. N ph can be estimated using:
where, P thr is the minimum power per unit area that causes retinal degeneration in T stim time. E ph is the energy per photon and is equal to hc/λ, where h is Planck's constant, c is the speed of light and λ is the photons' wavelength.
Replacing (7) in (6) and solving for P thr yields:
The number of blue LEDs, K, needed in each chamber to achieve the threshold for retinal degeneration is therefore equal to:
Considering one hour to be the shortest stimulation time, photons with a wavelength of 465 nm and 20 log quanta/cm 2 , equation (8) gives P thr = 11.9 mW/cm 2 . Hence, the required number of blue LEDs is 63.05. In the fabricated programmable optical stimulator, a total of 64 of these LEDs per chamber are
employed. An equal number of red multi-die LEDs (5050-R1200) are employed.
The 5050-R1200 comprises three red LED dies in a single 5 mm × 5 mm × 1.6 mm package. This LED has a nominal luminous intensity of 1.2 cd at 20 mA, an emission centered at 625 nm and a 50% viewing angle of 120 • [25]. Hence, each chamber contains 128 blue and red LEDs.
Circuit Design
The LEDs are grouped in groups of 16 LEDs (8 blue and 8 red) and assem- 
Using (10) Not all the power delivered by the power supply gets converted to light.
A portion of this power is converted to heat by the LEDs and the LED driver circuits. The amount of heat produced by these elements can be estimated from the power delivered by supply, the luminous flux generated by the LEDs and the luminous efficacy of the LEDs. The maximum power delivered by the supply to the LEDs to one chamber is 12 V× 1.28 A = 15.4 W. The luminous flux of a single multi-die LED was calculated to be 3.77 lm. Hence, the luminous flux of 64 multi-die LEDs in one chamber is 241.28 lm. Assuming a luminous efficacy of 60 lm/W of a typical LED, the amount of power that is actually converted to light is 4.02 W. Hence, from the 15.4 W delivered by the supply to each chamber, 11.38 W get converted to heat. It should be noted that is the maximum amount of heat generated and corresponds to the LEDs emitting maximum luminous intensity. Over time this much heat will raise the temperature inside the chambers to levels that will induce the heat shock stress response in flies. This is undesirable for the experiments since it could interfere with the analysis of retinal degeneration and/or cause the flies to die.
To keep the temperature inside the chambers within an acceptable range, active cooling using forced air flow is used. The required air flow, F a , to keep the temperature inside the chamber below T o • C can be calculated using the following equation [29] :
where, H c is the heat generated inside the chamber in Watts, ρ is the density of air, c p is the specific heat of air and T r is the air temperature outside the chamber Table 1 lists the provided files that are required to build and operate the Drosophila Optical Stimulator. The following is a brief summary of the content of these files: 
Design files

Bill of Materials
The bill of materials includes (BOM) over 40 different items. To improve the clarity of this article, the BOM is provided as the accompanying file:
bill of materials.ods. The second column in the BOM is a label that uniquely designates each component. This label is used in the build instructions and schematic diagrams. The BOM also provides a link to online vendors where components can be acquired from. The total cost of parts for the device is USD 757.04.
Build Instructions
The in the BOM) and the light and temperature sensors (items 32 and 33 in the BOM). The light and temperature sensors communicate with the embedded computer through an I 2 C serial bus and they need unique addresses to be able to share the common I 2 C bus. Set the address of the light sensor for chamber 1 (LUX1) to 0x49, the address of the light sensor for chamber 2 (LUX2) to 0x39, the address of the temperature sensor for chamber 1 (TEMP1) to 0x19 and the address of the temperature sensor for chamber 2 (TEMP2) to 0x18. Instructions on how to set the addresses of these sensors can be found online [32, 33] . Green color wires denote wires carrying data or control signals for chamber 1. Similarly, blue color wires denote wires carrying data or control signals for chamber 2. Black wires connect the ground terminals of the different boards.
Red wires carry 12 V, orange wires carry 3.3 V and purple wires carry 5 V.
While Fig. 7 shows all the electrical connections as reference. During assembly these connections will have to be made in a particular order as explained below. Building the Drosophila Optical Stimulator can be accomplished in 12 steps (see Fig. 8 for visual reference) . The enclosure for the stimulator is built from 3D printed parts and laser-cut acrylic parts. Each 3D printed part is printed from a .stl file. The acrylic parts are cut out from acrylic panels using a laser cutter according to the shapes specified in .dxf files.
1. Fabricate the chamber lid. A lid is made out of two parts: the knob (lid knob.stl) and the lid body (chamber lid.stl). Print out these two parts and insert the knob into the lid body (see Fig. 8 (1) ). Repeat this step to fabricate lids for both chambers. Fig. 8 (3) . Repeat this step to fabricate the bases for both chambers.
4. Screw the chamber bases to the acrylic support plate using screws and locknuts. The cut-out shape for the acrylic support plate is piece 5 in panel1.dxf. Figure 9 (4) shows the cut out shapes for the acrylic panels.
The numbers identify a piece within a panel. The .dxf files can be loaded to a laser cutter. Acrylic panels are item 21 in the BOM.
Mount the chamber bodies into their corresponding bases and insert screws
as shown in Fig. 8 (5 9. Using screws and locknuts, attach the LCD screen to plexiglass piece 5 in panel2.dxf and then screw the plexiglass piece to the rest of the device.
10. Print the regulator board holder from file regulator holder.stl and screw it to the device body as shown in Fig. 8 (10) . Solder the wires that go from the regulator board to the Pi2GPIO board and to the LED boards. Mount the regulator board onto its 3D printed holder by press fitting it into the holder.
11. Print the holders for the Pi2GPIO board (Pi2GPIO holder.stl) and the Raspberry Pi computer (RPi holder.stl) and screw them to the device body as shown in Fig. 8 (11 Figure 9 : Cut out shapes for the acrylic panels. The numbers identify a piece within a panel.
The .dxf files can be loaded to a laser cutter. Acrylic panels are item 21 in the BOM.
Operation Instructions
Before using the stimulator we need to install support libraries that will allow the application software to access the GPIO pins and the I Log files will be created in this directory. The name of the log files have the following structure: log yyyy mm dd hh mm.txt, where yyyy will be replaced by the year, mm by the month, dd by the day, hh by the hour and mm by the minute the stimulator control program was started. To run the stimulator control program, issue the following command from the Terminal window:
sudo python chamber.py -a
The screen shown in Fig. 5 will appear. To set stimulation parameters, such as stimulation time, light intensity, color and to turn on or off the LEDs, press 1 for chamber 1 or 2 for chamber 2. A menu will appear on the lower part of the screen. Follow the menu instructions to set the stimulation parameters. Enter on the Terminal window. In the first characterization test the temperature behavior of the stimulator was evaluated for different LED current levels. Figure 11 shows the output However, the illuminance stabilizes as the temperature in the chamber reaches a steady-state value.
Validation and Characterization
The steady-state temperature value was recorded for each chamber as the LED current was varied from 20% to 100% of I max . The measurements were repeated three times for each LED current level to verify the repeatability of the measurements. Before each repetition the chambers were allowed to cool down to room temperature. Figure 12 shows the average steady-state temperature over the three repetitions as the height of the bars for both the left and right chambers and for blue and red light. The error bars denote the maxi-mum and minimum steady-state temperature over the three repetitions. The average temperature reaches a maximum of 28.17 • C at 100% LED current. Although this temperature is a bit higher than the value established in the design requirements, is not of sufficient magnitude to induce heat shock in the flies. Figure 13 shows the illuminance inside the chambers for blue and red as measured by the light sensors as the LED current is varied from 0% to 100% of I max . Figure 13 (A) shows the illuminance for the blue LEDs while Fig.   13 (B) shows the illuminance for the red LEDs. Notably, there is an almost linear relationship between the illuminance and the current through the LEDs.
The illuminance read by the left chamber sensor is consistently lower than the illuminance read by the right chamber sensor when the red LEDs are on ( Fig.   13 (B) ). This difference is due to different sensitivity to red light between the photodiodes in the light sensors. To verify this difference the optical power inside the chambers was measured as a function of LED current using the S120C calibrated optical power sensor from Thorlabs. The measured optical power was divided by the power sensor detector area to obtain the power density. 
Biological Experiments
The fabricated programmable optical stimulator was used to establish a protocol for assessing blue light-induced retinal degeneration in young flies (Drosophila melanogaster). To do this, we used male w 1118 flies that lack eye pigment but are otherwise wild type, and are a standard model system for studying visual function and retinal degeneration . We collected newly eclosed (hatched from pupal cases) male flies and aged these for 6 days in 12 hours of light (∼15 lux, fluorescent)/12 hours dark at 23 -25 • C in polystyrene 25 × 99 mm vials (VWR, #89092-722) on standard cornmeal-yeast fly food ( Fig. 14(A) ). Flies were then separated into three experimental groups that each consisted of 5 To test if the blue light produced using the fabricated optical stimulator induces retinal degeneration in flies treated using our protocol, we examined rhabdomere loss as an indicator of photoreceptor loss, and therefore retinal degeneration. When flies were exposed to 8 hours of blue light at 7949 lux, equivalent to 20.12 log quanta/cm 2 , we consistently observed high levels of retinal degeneration as shown in Fig. 14 (C, blue) . Whereas the dark control flies have well organized retinas with intact rhabdomeres in all ommatidia, as demonstrated by phalloidin and Rhodopsin 1 staining, the blue light-exposed flies show strong loss of rhabdomeres across multiple ommatidia in the retina.
We quantified this rhabdomere loss by analyzing retinas from 4 independent biological experiments each consisting of 5 individual flies, and showed that 62% of R1 -R6 cells undergo cell death following blue light exposure relative to less than 1% of cells in the dark control ( Fig. 14 (D) ). To test if the retinal degeneration induced by blue light was specific to this wavelength, or was a consequence of the high intensity used in this experiment, we exposed a second group of flies to red light for 8 hours at an intensity of 7994 lux. Strikingly, the red light-exposed flies do not show any significant loss of rhabdomeres ( Fig. 14 (C) and (D)), and have less than 1% of rhabdomere loss, similar to the level observed in the dark control. Based on these data, we conclude that the fabricated programmable optical stimulator induces retinal degeneration in flies treated with blue light using our protocol, and that this retinal degeneration results from the wavelength rather than intensity of light used. 
Conclusions
